We review a recently proposed phenomenological framework to establish the notions of QCD factorization and universality of jet cross sections in the heavy-ion environment. First results of a global analysis of the nuclear modification factor of inclusive jets are presented where we extract medium modified jet functions using a Monte Carlo sampling approach. We observe that gluon jets are significantly more suppressed than quark jets. In addition, we study the jet radius dependence of the inclusive jet cross section in heavy-ion collisions and comment on a recent measurement from CMS. By considering for example jet substructure observables it will be possible to test the universality of the extracted medium jet functions. We thus expect that the presented results will eventually allow for extractions of medium properties with a reduced model bias.
Introduction
The quark-gluon plasma (QGP) produced in heavy-ion collisions at the LHC and RHIC has been conjectured to have filled our universe shortly after the big bang. Highly energetic particles and jets that are also produced in these collisions serve as important probes of the hot and dense medium. These so-called hard probes traverse the QGP and carry information about the medium properties. One of the most striking signatures of the QGP is jet quenching. It is often quantified in terms of the nuclear-modification factor R jet AA which is given by the ratio of the jet yield in heavy-ion and a rescaled proton-proton baseline. One of the main advantages of hard probes is that the relevant cross sections can be calculated perturbatively in protonproton collisions by making use of factorization theorems [1, 2] which allow for a consistent separation of perturbative and nonperturbative but universal ingredients such as parton distribution and fragmentation functions. By analyzing heavy-ion cross sections in terms of leading power proton-proton factorization theorems, we eventually aim to answer the question of how much information factorization theorems estab- Fig. 1 . Left two panels: The nuclear modification factor R jet AA for inclusive jet production. We show a comparison of our theoretical results using the extracted medium jet functions and LHC data from ATLAS [8] and ALICE [9] . Right two panels: Ratio of the extracted medium and vacuum jet functions for quarks (red) and gluons (blue). that the main reasons for jet quenching are parton energy loss and multiple scatterings with spectator partons in the medium, the exact mechanism remains unknown which can introduce a significant model bias for extractions of medium properties from data.
Since there are no first principles proofs of QCD factorization and universality in heavy-ion collisions, we recently proposed in Ref. [3] to establish these concepts phenomenologically. Instead of designing a general purpose parton shower, we employ factorization theorems of jet cross sections which involve jet functions that have been developed for proton-proton collisions over the last decade. If jets are sufficiently collimated, the dynamics of the formation and evolution of jets can be expressed in terms jet functions up to corrections which are power suppressed by O(R 2 ). These jet functions are perturbatively calculable in the vacuum and we perform a first extraction of the analogue nonperturbative functions in heavy-ion collisions. We employ a Monte Carlo sampling technique to reliably extract these jet functions from the available data. Eventually, the universality of the obtained jet functions will have to be tested by considering other cross sections as well. An important example are jet substructure observables where the extracted medium jet functions are needed to calculate the relevant quark/gluon fractions [4] . Therefore, the results presented here constitute only a first step in this direction.
Theoretical framework
At leading power, the factorized cross sections for inclusive jets differential in the jet transverse momentum p T and rapidity η in proton proton collisions can be written as as [5, 6, 7] dσ pp→jet+X dp
where f a,b/p denote the PDFs, H c ab are hard-scattering functions of partons ab → c and the functions J c take into account the formation and evolution of the inclusive jet sample originating from parton c. The symbols ⊗ denote appropriate integrals over the longitudinal momentum fractions of the involved partons. The jet functions J c (z, p T R, µ) depend on the momentum fraction z of the identified jet relative to the initial parton c, the jet transverse momentum p T , the jet radius R and the renormalization scale µ. The jet functions satisfy the usual timelike DGLAP evolution equations similar to fragmentation functions
For the kinematics considered here, we expect that the only relevant modification in heavy-ion collisions is the final state jet function. This assumption is based, for example, on the fact that the photon yield in heavy-ion collisions is consistent with no modification. Therefore, we make the following ansatz for the corresponding heavy-ion cross section where we replace the vacuum jet function in Eq. (1) as Here we write the medium jet functions J med c in terms of the vacuum ones convolved with weight functions W c which we fit to the available data. See also [10, 11] . We choose a suitable functional form for W c , see [3] for more details. A related analysis of fragmentation functions in cold nuclear matter was carried out in [12] . We note that in heavy-ion collisions both the initial condition of the evolution at scale ∼ p T R can be modified as well as the evolution of the jet functions to the hard scale ∼ p T . Here we start with the minimal assumption that the jet function gets affected by energy scales around ∼ p T R which sets the initial scale for the evolution and constitutes the lowest scale relevant for this process. We discuss the implications of this assumption in more detail below.
Phenomenological results
We consider the available data from ATLAS [8] and ALICE [9] at √ s NN = 5.02 TeV for central collisions (0-10%) and R = 0.2, 0.4. A similar analysis of the data sets at √ s NN = 2.76 TeV can be found in [3] . We employ the data resampling technique used in PDF fits such as [13, 14] . In Fig. 1 (left panel) , we present the experimental data and our theoretical results using the extracted medium jet functions J med c . Overall we observe good agreement and we find χ 2 /d.o. f = 1.7. In the right panel of Fig. 1, we show the ratio of the medium and the vacuum jet functions for p T = 100 GeV and R = 0.4. We observe a suppression at large values of z and an enhancement at small-z, which effectively requires the colliding partons to have a larger average momentum fractions x in heavy-ion collisions than that in vacuum in order to produce the same p T jet, and leads to an overall suppression of the jet cross section in heavy-ion collisions. We note that the uncertainty of the extracted jet functions is larger at small-z which is due to the convolution structure of the cross section in Eq. (1). In addition, we observe a more significant modification of the gluon jet function (right) compared to the quark case (left). We explore the strong gluon suppression at the cross section level by studying the quark/gluon fractions in the vacuum and medium in more detail [15] . Fig. 2 (left) shows the vacuum quark/gluon fractions as a function of the jet transverse momentum p T for different values of the jet radius. For smaller jet radii, more evolution makes the jet functions larger at small-z, which requires a larger average x and increases the fraction of quark jets. Similarly, the right panel shows the medium case where we use the extracted medium jet functions for the same center of mass energy. We observe a significant shift toward quark jets in heavy-ion collisions relative to the vacuum due to the enhancement of jet functions at small-z. We note that the R dependence of the quark/gluon fractions is reduced in the medium but the ordering compared to the vacuum is preserved.
Recently, CMS published preliminary inclusive jet data for jet radii in the range of R = 0.2-1.0 [16] . The experimental data for the ratios of cross sections with different R is very precise and can provide important constraints on the extracted medium jet functions discussed here. While a more in-depth analysis of the new data set is necessary, we note that preliminary studies indicate that a modification of the DGLAP evolution equations in heavy-ion collisions could alter the R dependence of the nuclear modification factor R jet AA . So far we have assumed that the evolution equations are the same as in the vacuum, see Eq. (2). The new data set for different jet radii will thus allow for precision determinations of the medium jet functions and more definitive conclusions about the structure of jet cross sections in heavy-ion collisions can be obtained.
Conclusions and outlook
In heavy-ion collisions the yield of high transverse momentum jets is suppressed which is known as jet quenching. We employed a factorization ansatz for the jet cross section in heavy-ion collisions in terms of hard-scattering and medium modified jet functions which can be determined from data. We have presented results of a first global analysis of the available data from the LHC. We observed a significant difference between the suppression of quark and gluon jets. Ultimately, the goal of our analysis is to test or establish the notions of QCD factorization and universality in heavy-ion collisions. We expect that the analysis performed here can eventually lead to definitive and model independent conclusions about the modification of the final state parton cascade in heavy-ion collisions and, thus, provide constraints on models of the QGP and its interaction with hard probes. This can be achieved by extending the presented framework to other processes such as inclusive hadrons, jet substructure observables and photon-jet correlations.
